We deposited epitaxial thin films of Morphotropic Phase Boundary (MPB) Pb 0.65 Ba 0.35 Nb 2 O 6 (PBN:65) on MgO substrates using pulsed laser deposition. Afterwards, a novel transmission optical experiment was developed to measure the electric field-induced bending angle of the thin film sample using a divergent incident light. From which the electric field-induced strain was obtained, and it was used to calculate the electrostrictive constant of the PBN thin film. The result is 0.000875 µm 2 /V 2 , and it is consistent with what we measured in the reflection experiment
Introduction
The ferroelectric lead barium niobate solid-solution system, Pb 1−x Ba x Nb 2 O 6 (PBN:1-x), is potentially important for optical and electronic applications because of its unique properties as a tungsten bronze-type ferroelectric relaxor with a MPB that separates the tetragonal ferroelectric phase from the orthorhombic ferroelectric phase [1] [2] [3] [4] [5] . For PBN compositions near the MPB, the electro-optic (EO) [6] , piezoelectric [3] , electrostrictive, and pyroelectric [7] properties are enhanced and are expected to be temperature invariant because the MPB composition does not vary significantly with temperature. Furthermore, the large spontaneous polarization and high switchable polarization near this boundary are especially significant for guided-wave electro-optic devices [8, 9] , surface acoustic wave (SAW) devices, sensors, actuators and adaptive structures.
Due to the loss of Pb 2+ during the growth, very limited work has been done so far on PBN since its discovery in 1960. The production of high quality thin films not only provides a possible solution in this situation but also has been driven by the trend toward miniaturization of electronic components, replacement of expensive single-crystal ferroelectrics, and the flexibility of thin films for integration into different types of devices [10] . Among thin-film growth techniques, such as plasma sputtering, ion beam sputtering, metal organic chemical vapor deposition (MOCVD), sol-gel spin coating, metal organic decomposition (MOD), and pulsed laser deposition (PLD), PLD has a number of advantages over the other techniques because ablation and deposition rates are readily controllable, ablation occurs stoichometrically, and few parameters need adjustment during the growth. So we chose PLD as the means of growing high quality PBN:65 thin films.
Growth and characterization of PBN films
First, PBN:65 films were deposited on MgO substrates using PLD technique due to the consideration of lattice matching between thin films and substrates. Here, a lattice constant of a = 12.446Å [11] , PBN:65 grows nearly lattice matched within 1.56 % to 3 unit cells of MgO (a = 4.213Å). Deposition was carried out under the conditions of 850 mJ per laser pulse at 5 Hz, a 700
• C substrate temperature and a 100-mTorr oxygen partial pressure. The X-ray 2θ scan of the PBN:65 film on (001) MgO substrate is shown in Fig. 1 . The intensity profiles of (001) and (002) peaks from the film clearly indicate the epitaxial growth of the c-direction oriented film, and their locations are used to calculate the lattice constant of c = 3.93±0.006Å. Measuring the piezoelectric and electrostrictive coefficients of a thin film requires the application of an electric field along the in-plane directions. Planar interdigital electrodes (IDE) consisting of 10-µm conducting lines separated by 10-µm gaps were deposited on top of the PBN thin film to apply an in-plane electric field. Besides that, IDE are appropriate for obtaining large electric fields even at relatively low voltages due to the small space between two neighboring conducting lines. Each line consists of a thin layer of chromium (2500Å), and external contacts were made to these electrodes using soft indium. When a DC voltage is applied to the contacts on the sample, a spatial modulation of the strain S occurs in the film along the in-plane electric field direction. This strain modulation causes a shear force, and this force acts on the MgO substrate and causes it to bend. The bending direction depends on the properties of the shear force. A contractive force causes the substrate to bend toward the film whereas an expansion force causes the substrate to bend away from the film. In our situation, the field-induced expansion force causes the MgO substrate to bend away from the film and this will be mentioned in the following experiment. In our procedures, we measure the electric field-induced strain by measuring the electric field-induced bending of the PBN:65 thin film sample. Afterwards, we use a bending model developed in our lab to extract the strain from the bending measurement. In the electric field-induced bending measurement, we did both the transmission and reflection experiments using a 1 mW He-Ne laser operating at the wavelength of 632.8 nm. In the transmission experiment, a beam with a 1
• divergence was used to illuminate the PBN sample. See Fig. 2 for details of the experimental setup.
A DC power supply was used to apply the electric field to the sample. A CCD camera was used to take photographs of the diffraction pattern, which was the superposition of both the grating images (with a small period) and the interference pattern (with a large period) from the MgO substrate [12] . From the images taken by the CCD camera after the electric field was applied to the PBN thin film sample, the interference pattern from the MgO substrate was moving across the grating images when the electric field-induced sample bending happened. A major advantage about the appearance of the grating images in the diffraction pattern was that the grating images could be used as a built-in scale to measure the shift of the interference pattern caused by the field-induced bending of the MgO substrate. See Fig. 3 for the details. We used a point source approximation to represent the incident beam with a 1 • -divergence. Small angle approximation was used to calculate the bending angle θ, as shown in the equation 1.
Here, ∆N was the number of grating lines passed by one of the interference peaks from the MgO substrate when 20 volts were applied to the sample. d was the distance between the point source and the grating, a was the grating space, and b was the width of the grating line. In our experiment, a was 10 µm, b was 10 µm, and d was 22.0±0.1 mm. From the 3-D diagram, as shown in Fig. 3 , we knew that ∆N was approximately 15.3±0.2 and it was measured after the bending stopped. The precision of ∆N decided the precision of the bending angle θ. Since ∆N was obtained by counting the number of grating lines, which were passed by one of the interference peaks from the MgO substrate when the electric field was applied, the accuracy of defining an interference peak determined the precision of ∆N, and the error limited by the contrast of the interference pattern was estimated to be less than one fifth of a grating period (a+b). 150 images were taken by the CCD camera, shown in Fig. 2 , at a speed of one image per second when 20 volts were applied to the thin film sample. Afterwards, each image was integrated along the direction of the grating line, and the result was used as a time slit of the total 150 seconds in Fig. 3 . Using Eq. (1), we obtained the bending angle θ of the MgO substrate, and it was 0.80
• ±0.04
• . Since the bending angle was obtained after the electric field-induced bending stopped, it was the maximum bending angle that we could get when 20 volts were applied to the contacts on the sample. All the bending angles were measured in the same condition and we won't mention it later.
We develop a bending model in order to calculate the strain of the MgO substrate when the bending angle is known. See Fig. 4 for details. The strain S is defined as the ratio of the deformation ∆x over the region l where the deformation occurs, and the small angle approximation is used since the bending angle is less than 1
• . The strain is expressed as
Here t was the thickness of the MgO substrate (1 mm). l was the length of the grating region, over which the electric field can be applied, and it was 2 mm. The strain of the film was equal to the strain of the MgO substrate, which was S = 0.0035±0.0002. Since a quadratic relationship between the stain S and the applied electric field V made a good fit to the experimental data, as shown in Fig. 5 , and also the bending angle stayed the same when the applied electric field was reversed in the experiment, we treated the bending phenomenon as the result of electrostriction. It is likely that the quadratic relation between the strain and the applied electric field is caused by the in-plane polycrystalline structure of the thin film according to the X-ray in-plane measurement. However, this needs some further investigations, such as by improving the in-plane structure of the film to be closer to a single-crystalline, whether the relationship between the strain and the applied electric field will become linear or not. According to the IEEE standard [13] (adapted for electrostriction), the following equation is used to calculate the effective electrostrictive constant M pij
The electric field was calculated using the equation
Therefore the electrostrictive constant of the PBN film was 0.000875±0.00005 µm 2 /V 2 . We knew that the film was always under stress from the MgO substrate once the field was applied. After the bending stopped, the stress in the film can be calculated from the stress in the MgO substrate because they reached equilibrium. The equation
was used to calculate the stress [13] , where Y = 3.156 ×10 7 (N/cm 2 ) [14] (Young's modulus of MgO). Because the strain S was 0.0035±0.0002, the stress T was (1.10±0.06) ×10 5 (N/cm 2 ). Unfortunately, because Young's modulus of the film is unknown, the electrostrictive constant of the film in zero stress cannot be calculated. So in our case, the electrostrictive constant of the PBN:65 film is the value under 1.10 × 10 5 (N/cm 2 ) stress. It is true that the electrostrictive constant in zero stress should be larger than 0.000875±0.00005 µm 2 /V 2 . Here, since the in-plane structure of the thin film is polycrystalline, the electrostrictive constant is an effective value. We called it M ef f .
We designed a reflection experiment in order to simplify the experimental procedures used for the electric field-induced bending measurement in the transmission experiment and also examine the result obtained in the transmission experiment. The details about the reflection experiment are in [12] . From the reflection experiment we obtained the electrostrictive constant, which was 0.000875±0.00005 µm 2 /V 2 and the same with what we obtained in the transmission experiment.
Conclusions
We have deposited high-quality epitaxial PBN:65 thin films on MgO substrates using PLD. The effective electrostrictive constant of these films was measured in both the transmission and reflection experiments, and they were consistent with each other. In order to make an approximated comparison with other MPB ferroelectric thin films, we converted the effective electrostrictive constant M ef f of the PBN:65 thin film to an effective piezoelectric constant d ef f using equation
The result was 1750 pm/V, and it was much larger than that of 844 pm/V, which was reported from a SBN:75 thin film sample [15, 16] .
The optical techniques used in our experiment can be generally applied to characterize the piezoelectricity and electrostriction of ferroelectric thin films. The large electrostrictive constant obtained from the PBN:65 thin film indicates that the PBN:65 thin films can be potentially used to improve device performance in surface acoustic wave (SAW), adaptive optics and microelectromechanical structures (MEMS), etc. For example, one expects that the applied electric field to the PBN:65 thin film sample could be further increased either by decreasing the grating space or by increasing the applied DC voltage, and the surface curvature of the thin film sample could be varied in the range of several degrees under a moderately applied DC voltage. It is possible for PBN:65 thin films to be integrated into adaptive optics with capabilities of varying the focal length and redirecting light through the voltage control.
